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ABSTRACT 

An experimental i n v e s t i g a t i o n  o f  heat - t rans fer  and pressure d i s t r i b u t i o n s  
w i t h i n  rf:gions o f  laminar separated f lows produced by two-d inmsional  rea r -  

ward-facing steps has been c a r r i e d  ou t  a t  f reestream Mach numbers o f  wound 
4 i n  the range o f  s tep height-to-boundary l aye r  th ickness (h/6) vary ing 

from 0.1 t o  2.4. With no suc t ion  f rom the  separated area, t h e  r a t i o  o f  t he  
maximum post-step heat t r a n s f e r  t o  the  at tached-f low va1:ies ( g a x / q f p )  
was less  than u n i t y  and decreased s lowly  w i t h  h/s o r  Reynolds number based 
on the  s tep height,  Re h' A minimum values o f  4ma,/4fp was pred ic ted  t o  

4 occur i n  the range lo3=: Re 

loca ted  f a r  downstream o f  t he  reattachment p l a t e  s tagnat ion  po in t .  Mass 
suc t ion  from the  separated area increased the  l o c a l  heat ing rates,  t h i s  
e f fect  was however r e l a t i v e l y  weak f o r  pu re l y  laminar f l o w  cond i t ions  and 
the  competing e f f e c t  o f  t he  step he igh t  c l e a r l y  predominated. A t  step 
heights  comparable w i t h  boundary-layer thickness, even removing the  e n t i r e  
approaching boundary l a y e r  was no t  s u f f i c i e n t  t o  r a i s e  the  post-step 

heat ing ra tes  above the  f l a t - p l a t e  values. 

ab ly  we l l  w i t h  the  parameters Re,,, and h/6, d i sp lay ing  an i n i t i a l  decrease 
fo l lowed by a tendency t o  l e v e l - o f f  i n  the  upper range o f  Re 

tested. 
a t  separat ion may have a s i g n i f i c a n t  e f f e c t  on the  pressure d i s t r i b u t i o n  and 
f l ow  f i e l d  behind the step. 
i n  t h i s  i n v e s t i g a t i o n  are  discussed and explained q u a l i t a t i v e l y  i n  terms of  

phys ica l  f l ow  f i e l d  models be l ieved t o  be c h a r a c t e r i s t i c  f o r  separated f lows 
w i t h  t h i c k  approaching boundary layers.  

c 10 . The maximum heat ing-rate reg ion was 
m,h 

The base pressure i n  the  no-suction, sol  id -s tep  case co r re la tes  reason- 

and h/6 
ash 

Our experimental evidence ind i ca tes  t h a t  entrainment cond i t ions  

The experimental r e s u l t s  and t rends observed 
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N id th  o f  model 

Step height  
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Length o f  surface ahead o f  step 
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X 
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Distance downstream of step 
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INTRODUCTION - 

The flow f i e l d  downstream o f  a rearward fac ing  s tep  a t  supersonic 

speeds has been of much i n t e r e s t  du r ing  the  past  several years. The 
problem has become impor tant  because o f  t he  cu r ren t  i n t e r e s t  i n  f l a r e s  

and c o n t r o l  surfaces f o r  var ious f l i g h t  c o n f i g w a t i o n s  a t  hypersonic 
speeds and because o f  poss ib le  appl i c a t i o n  o f  s l i d i n g  metal 1 i c  heat-- 
s h i e l d  panels f o r  fu tu re  space s h u t t l e  s t ruc tu res .  
f l o w  regimes which may be encountered by some o f  these app l i ca t i ons  

concerns the  cond i t ions  character ized by (a) laminar f l o w  throughout 
the  separation, (b)  t h i c k  boundary l a y e r  ( i .e . ,  when i t s  th ickness 6 i s  
comparable t o  o r  l a r g e r  than the  s tep  he igh t  h), and ( c )  mass suc t ion  
f r o m  the  separated area. 
t r a n s f e r  and pressure d i s t r i b u t i o n s  f o r  such f l o w  conf igura t ions .  

determined by a st rong i n t e r a c t i o n  between the  viscous r e c i r c u l a t i n g  

reg ion  a t  the  s tep base and the  ex terna l  i n v i s c i d  f low.  The s tud ies  
o f  var ious aspects o f  a rearward-facing step o r  wedge are  numerous; 

however, t h e  vas t  m a j o r i t y  o f  publ ished works have centered orl the  case 
where the  boundary-layer thicknecs i s  smal ler  than the  s tep he igh t ,  
i n c l u d i n g  i nves t i ga t i ons  by Rom and Seginer’ , Weiss and W e i n b a ~ m ~ ’ ~ ,  
Scherberg and Ham6, B a t t  and Kubota7, and more recent  works 

by Erdos and Zakkay’, Wu and Su-, and Ohrenberger and Baum.” Experi- 
mental in fo rmat ion  o r  the  case of h/a 2 1 i s  almost nonex is ten t  and, 
t o  ou r  knowledge, no experiments have been made t h a t  would inc lude 
mass suc t ion  from the  separated area. 

t he  s tep he igh t ,  then: 
upstream through the  subsonic p o r t i o n  o f  t he  boundary o r  shear l aye r ,  
b)  viscous e f f e c t s  may increase t h e i r  range o f  in f luence,  and c )  t h e  
e f f e c t s  c h a r a c t e r i s t i c  G f  supersonic, t h i n  boundary-layer f l o w  such as 
expansion a t  the  corner, w e l l  de f ined l o c a t i o n  o f  compression near the 
reattachment po in t ,  and con f igu ra t i on  o f  l i p  and t r a i l i n g  shocks w i l l  
be s u b s t a n t i a l l y  modi f ied.  Fur ther  m o d i f i c a t i o n  and/or complexity w i l l  

One o f  t he  poss ib le  

I t i s  our  i n t e n t i o n  t o  i n v e s t i g a t e  heat- 

The f l o w  f i e l d  i n  the  s tep reg ion  under no-suction cond i t ions  i s  

a 

When t h e  boundary-layer th ickness i s  comparable t o  o r  l a r g e r  than 
a )  downstream e f f e c t s  can be e a s i l y  t ransmi t ted  

1 



be in t roduced by a p p l i c a t i o n  o f  the mass suc t ion  from the  base area. 
Such a suc t ion  may conceivably r e s u l t  i n  an in tense heat ing a t  rea t tach-  
ment and, therefore,  knowledge o f  poststep heat - t rans fer  d i c '  - i o n i  
whey, the  mass-suction i s  appl ied,  may be o f  considerable c 
importance. 
t r a n s f e r  d i s t r i b u t i o n s  may prov ide iq fo rmat ion  which can be used t o  
d e f i n e  pre l im inary  f l o w f i e l d  models amenable t o  a n a l y t i c a l  s tud ies.  

Our experiments were conducted a t  M a %  4 i n  an arc-heated wind 
tunnel  o f  Thermal F a c i l i t y  U n i t  a t  NASA Langley. The r a t i o  h/6 v a r i e d  

from 0.1 t o  2.4 and t h e  r a t i o  o f  wa l l  temperature t o  f reestream temp- 
erature,  TJTo, var ied  between 0.055 and 0.11. The e f f e c t s  on surface 
pressure and heat ing r a t e s  o f  step height ,  s l o t  mass-flow r a t e ,  and 
freestream f l o w  parameters a re  presented and discussed f o r  a range o f  

between 40 and 2200. The present data on base pressure and maximum 

poststep heat ing r a t e s  are  c o r r e l a t e d  and compared w i t h  a v a i l a b l e  
t h e o r e t i c a l  p red ic t ions .  P a r t  o f  t h e  experimental r e s u l t s  presented i n  
t h i s  r e p o r t  was publ ished i n  R e f .  11. 

, t i c a l  
I n  a d d i t i o n ,  i t  i s  f e l t  t h a t  a study o f  press:rre a:id hec-&- 

(Reynclds tiumber based on freestream cond i t ions  and step he igh t )  h 

APPARATUS AND PROCEDURES 

Wind Tunnel - 
The arc-heated wind tunnel used f o r  t h e  e q e r i m w t s  cons is ts  o f  

a magnetical ly-stab11 i z e d  a1 t e r n a t i n g  cur ren t  a rc  he? t e r  , p l  e n m  

chamber, a 15 degree con ica l  supersonic nozzle, t e s t  cabin, d i f f u s e r  
and vacuum pumping system. The watsr-cooled supersonic nozz le has a 
7 cm (2.75 in.)-diameter t h r o a t  and a 22.8 cm (9 in.)-diameter e x i t  
sect ion.  The s i z e  o f  un i form gas core a t  the model l o c a t i o n  i s  no l e s s  
than 17 cm (6.7 i n . ) .  The t e s t  medium was a i r  heated by copper e lec-  

4 t rodes and the  nominal range o f  t e s t  condi t ions was: Po = 1.82 X 10 - 
1.99 X l o 5  N/m2 (0.18 - 1.96 atm), To = 2700 - 5500 K, M, = 3.95 - 4.27, 
Re=/cm = 160 - 2200. Figure 1 presents a s i m p l i f i e d  diagram o f  the 

experimental setup used i n  t h i s  i n v e s t i g a t i o n .  

2 



Models and Ins t ruven ta t i on  

designed f o r  no-suc%ion t e s t s ,  Model I1 was designed and used p r i m a r i l y  

f o r  suc t ion  t e s t s .  Both models were two-dimensional and provided w i t h  
sharp lead ing  edges. 
cool  ed. 

Model I (F ig .  2) had 12.5 cm (4.91 i n . )  long  sec t ion  upstream of 
t h e  step. This  sec t ion  was provided w i t h  two pressure o r i f i c e s ,  one 

loca ted  3.1 cm (1.22 i n . )  ahead o f  the s tep  and the  o the r  loca ted  on 
the  v e r t i c a l  sur face o f  the  step. 

1 ished by i n s e r t i n g  o r  removing spacers beneath the  reattachment p la tes  
which were mounted immediately behind the  step. 
reattachment p l a t e s  were instrumented f o r  e i t h e r  hez t - t rans fer  o r  pres-  
sure measurements. 

Model I1 (F ig .  3 )  was designed as an i n t e g r a l  p a r t  o f  a s t r u c t u r e  
conta in ing  the  s tep model i t s e l f ,  r e t r a c t a b l e  suppor t ing s t r u t  and a i r  
suc t ion  duct. 

and low pressures i n  the r e c i r c u l a t i n g  reg ion,  a l a r g e  s u c t i m  ' 
was requ i red  i n  order  t o  remove a s i g n i f i c a n t  p o r t i o n ,  o r  poss 
e n t i r e  boundary-layer f low.  Therefore, n e a r l y  the  e n t i r e  ari?a O i  ',ne 
v e r t i c a l  s tep face  was used as a suc t ion  s l o t .  The s l o t  was connected 
t o  a R-6000 Yeraeus Mechanical Blower v i a  a s,;tem o f  f l e x - i b l e  hoses 
which al lowed f o r  r a p i d  i n j e c t i o n  o f  the model i n t o  t h e  t e s t  stream. 

The sec t ion  upstream of t h e  s tep was 10 cm (3.925 i n . )  long. Tne s tep 
he igh t  was va r ied  by changing the  spacers beneath the  interchangeable 
p la tes ,  instrumented f o r  e i t h e r  pressure o r  h e a t - t r a w f e r  measurements. 

Heat-transfer p la tes  (separate f o r  Models I and 11) consis ted of a 

0.74 mn (0.029 in . )  t h i c k  s t a i n l e s s  s t e e l  sheet w i t h  chromel-alumel 
thermocouples spot-welded t o  +he undersurface. The ou tpu ts  from t h e  
thermocouples were recordpd a t  0.025-second i n t e r v a l s .  

Water-cooled pressure p l a t e s  (made o f  copper) were instrumented 
w i t h  1.2 m (0.047 i n .  j diameter pressure o r i f i c e s  which were connected 

t o  CEC strain-gauge pressure transducers. The e l e c t r i c a l  outputs  from 
the  transducers were recorded a t  i n t e r v a l s  o f  about 1 second. 

Two basic  models were used i n  t h i s  i n v e s t i g a t i c . .  Nodel I was 

The mobels were made o f  copper and were water- 

Varying the  s tep he igh t  was accomp- 

The interchangeable 

Under the  cond i t i ons  o f  t h i c k  approaching boundarv-layers 
a rea 

I , the  

3 



Mass Suct ion I n s t a l l a t i o n  

shown schemat ica l ly  i n  F ig .  1. 'The ho t  a i r  removed f rom the  separated 

r e g i m  behind the  step was passed through f l e x i b l e  hoses, vacuiim pump, 
and an instrumented sec t ion  and then re in t roduced i n t o  the  t e s t  cabin. 
?he instrumented sec t ion  connected t o  the  discharge s ide  of t he  vacuum 

pump was equippec w i t h  several pressure and temperature sensors t o  

p rov ide  in format ion nece- ;ry f o r  eva lua t ion  o f  suc t ion  rnass-flow r z t e s .  

An arrangement employed f o r  suc t i on  experiments on Model I 1  i s  

Procedures 

r a t e  a d  the  povter i n p u t  t o  the  arc  heater. A t  the  beginning o f  each 
run, p i t o t  pressure and s tagnat ion heat  i r a n s f e r  r a t e  i n  the  freestream 
f l o w  were determined by using standard r e t r a c t a b l e  devices ( impact pres- 
sure probe and hemispherical ca lo r ime te r )  i n j e c t e d  sequen t ia l l y  i n t o  the  
stream. Thssc measurements, combined w i t h  t h a t  o f  t he  pressLb-e i n  the 

plenum chamber, served t o  e s t a b l i s h  s tagnat ion and freestream cond i t ions  
f o r  each i n + i v i d u a l  run. 

In t h e  experiments i n v o l v i n g  mass suc t ion  (Model 11), the vacuum 
pump i n  t h e  suc t ion  c i r c u i t  was s t a r t e d  before the  model was i n j e c t e d  
i n t o  the  j e t .  
t ime needed t o  s t a b i l i z e  pressure i n  the  suc t ion  c i r c u i t  a f t e r  the  model 
had been in jec ted ,  was less  than abaut 0.8 second. 

Heat - t rans fer  data werz obtained f rom measurements o f  t r a n s i e n t  
sk in  temperatures r e s u l t i n g  from a stepwise increase i n  Stagnation temp- 
e ra tu re .  The model, i n i t i a l l y  a t  room temperature, was suddenly ( i n  
l ess  than 0.25 sec.) exposed t o  the  ho t  a i r  f l o w  where i t  remaincd trom 
1 t o  3 seconds. Heat - t rans fer  data were computer reduced arcord ing  t o  
a s i m p l i f i e d  heat-balance equation 

The t e s t  cond i t ions  were va r ied  by changing the tunnel mass flow- 

I t  was found tha t ,  f o r  most o f  the t e s t s ,  a per iod  o f  

dT 

where cw i s  t h e  s p e c i f i c  heat  o f  t he  w a l l  ma te r ia l ,  pw i s  t he  dens i t y  
o f  t he  w a l l  ma te r ia l ,  d, i s  t he  wa l i  th ickness,  Tw i s  tt:e wa l l  tempera- 
ture,  and & i s  t ime. The equation above presupposes a constant  temp- 
e ra tu re  through the  m d e l  sk in ,  negl i y i b l e  l a t e r a l  heat  f low, negl iS!'ble 
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heet f l o w  t o  the i n t e r i o r  o f  the model, and no heat losses through 
r a d i a t i o n .  I n  these experiments, t he  s lope dTrJdt remained very nea r l y  

constact  f o r  a t  l e a s t  3 seconds, i .e.,  f o r  a per iod longer than t h a t  
reqbi red t o  s t a b i l i z e  the f l o w  i n  the suct ion duct  ( l e s s  than 13.8 sec.). 

d e t a i l  i n  Ref. 12. 
Instrumentat ion and experimental procedures a re  discussed i n  more 

TEST CONDITIONS 

I n  the  absence o f  d e t a i l e d  data on the f l o w  cond i t ions  i n  the t e s t  
sect ion o f  the 22.8 cm (9 i n . )  a rc  heated tunnel ,  extensive work had t o  
be done t o  determine, as accura te ly  as possible,  t he  actual  freestream 

condi t ions and boundary-layer parameters alon5 the surface of the models 

used. 
r i zed bel  ow. 

This work amounted t o  a p a r t l y  independent study which i s  sumna- 

Freestream Proper t ies 

s i g n i f i c a n t  pressure grad ien t  was present i n  the j e t  expanding f r e e l y  
f r o m  the nozzle. The tunnel f l ow  p roper t i es  a t  any l o c a t i o n  i n  the 
t e s t  stream were then evaluated f rom both measurements and ca l cu la -  
t i o n : .  
pressure and s tagnat ion-po in t  hea i - t rans fe r  r a t e  were measured a t  t he  
model l o c a t i o n  and the plenum pressure was measured i n  the  arc  chamber. 
The stagnat ion enthalpy was thep determined f o r  d i ssoc ia ted  a i r  i n  
thermochemical e q u i l i b r i u m  using a c o r r e l a t i o n  developed by Fay and 
Riddel l  (Ref. 13). 
t i o n  temperature ( the l a t t e r  obtained from a M o l l i e r  diagram us ing the 
appropr iate stagnat ion enthalpy) were used as i npu t  data t o  a computer 
program f o r  chemical ly frozen, i s e n t r o p i c  f l o w  expansions (Ref. 14). 
The s o l u t i o n  was terminated a t  the s t a t i o n  where the computed p i t o t  
pressure matched the experimental value o f  the p i t o t  pressure estab- 

l i s h e d  f o r  t he  step l oca t i on .  

o f  numerical  solution^'^ t o  (a )  nonequi l ibr ium, (b)  frozen, and (c )  

A survey o f  the p i t o t  pressure along the  j e t  a x i s  showed t h a t  a 

As mentioned prev ious ly ,  du r ing  each experiment the  p i t o t  

The values o f  t he  plenum pressure and the stagna- 

The assufiption o f  the f rozen f low model was based on exar,;ination 



equilibrium nozzle expansions for a number of test conditions spanning 
the entire range of the nominal conditions. 
properties defined from frozen flow expansions were very c l m e  to the 
prc,.erties determined from nonequilibrium flow expansions, thus indi- 
cating only a minimal amount of chemical recombination during the 
expansions. Consequently, the use of simple frozen expansions should 
be considered as a reasonable assumption. An additional argument on 

behalf of this assumption was provided by close agreement between the 
experimental wall pressure distributions on the flat-plate configura- 
tion and the theoretical predictions based on frozen flow properties. 
In making such predictions, account was made for the existence of a 
longitudinal pressure gradient in the test section which was identified 
from pitot pressure surveys. 

measurements are presented in Tables I through IV. 

In all cases, the flow 

Complete records of test conditions in heat-transfer and pressure 

Boundary Layer Parameters 
Parameters of the boundary layer at the step location were pre- 

dicted *or nonequilibrium flow-equilibrium catalytic wall conditions 
and assuming that there was no upstream influence of the base pressure. 
The calculations were performed by using a program developed by Blott- 
ner15 and included the effect of the freestream pressure gradient 
along the plate. The selection of nonequilibrium flow-equilibrium cat- 
alytic wall conditions was based on a critical evaluation of numerical 
predictions of flat-plate heat-transfer distributions obtained for the 
following models: [;! nonequilibrium flow-equilibrium catalytic wall, 
(b) nonequilibrium flow-noncatalytic wall, and (c) perfect gas flow. 
Typical results of the comparison between theoretical and experimental 
data are shown in Fig. 4. It was found that in practically all cases 
being compared (sixteen different test conditions), the predictions 
based on model (a) were in good agreement with the experimental data, 
whereas the predictions using the other two models underestimated 
heating rates by a large margin. The major difference between the 
catalytic and noncatalyti: solutions tended to indicate the signifi- 
cant influence of surface recombination effects on the heating rates. 
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The assumption of no upstream in f l uence  o f  t he  base pressure 
wnich, o f  course, i s  n o t  v a l i d  i n  the  case o f  a t h i c k  boundary l aye r ,  
means c, imply t h a t  the botindary-layer parameters correspond t o  a f l a t -  
p l a t e  con f igu ra t i on .  

ence parameters when making comparisons o r  preser i t ing c c r r e l a t i o n s .  

ness ( s f ) ,  predic ted f o r  the step l oca t i on ,  a r e  l i s t e d  i n  Tables I 
through I V .  

As such, they can be convenient ly used as r e f e r -  

The values o f  boundary-layer th ickness ( 5 )  and displacement t h i c k -  

F1 ow Uni formi t y  

I n i t i a l  measurements o f  pressure d i s t r i b u t i o n  on the  f l a t - p l a t e  
con f iqu ra t i on  revealed strong departures from constant l o n g i t u d i n a l  
pressure .ondi t ions which could n o t  be explained i n  terms o f  viscous 
in te raL tS-n  e f f e c t s .  Subsequent p i t o t  pressure surveys i nd i ca ted  the 

presence o f  an a x i a l  pressure g rad ien t  i n  the j e t  s t ream, as shown i n  
Fig.  5. By p roper l y  a d j u s t i n g  the test-chamber pressure ( c o n t r o l l e d  

by the r a t e  o f  a d d i t i o n a l  a i r  blown i n t o  the  t e s t  chamber) i t  was 
poss ib le  t o  ma in ta in  the j e t  underexpansion unchanged from one t e s t  t o  
another a t  the same stagnat ion condi t ions.  
g rad ien t  was accounted f o r  i n  d e f i n i n g  f reestream cond i t i ons  and para- 
meters o f  the boundary l a y e r  along the surface o f  the models. 

boundary l a y e r  as t h i c k  as 'poss ib l? ,  the models selected f o r  t h i s  inves-  
t i g a t i o n  had r e l a t i v e l y  small widths as compared w i t h  th?  lengths o f  
the sec t i on  upstream o f  the step. This r a i s e d  a quest ion concerning 

two-dimensional i ty o f  the f l o w  along the instrumented sect ion.  
swer t h i s  question, pressure measurements were made which included 
transverse pressure d i s t r i b u t i o n s  a t  a few s t a t i o n s  along the i n s t r u -  
mented p la te .  The r e s u l t s  o f  t h i s  examination, shown i n  Figs.  6a arid 

6b, i n d i c a t e  t h a t  the f l o w  near the  c e n t e r l i n e  was e s s e n t i a l l y  two-  
dimensional over a d is tance o f  a t  l e a s t  6.5 cm (- 2.5 i n . ) .  
l o n g i t u d i n a l  pressure gradients  i n  the j e t  and l i m i t e d  w id th  of  the 

models, great  caut ion must be exercised when i n t e r p r e t i n g  data c o l l e c t e d  
f a r  downstream o f  the step ( A X  

der some f l o w  cond i t ions ,  the r e a r  p a r t  o f  the model was inf luenced by 

The presence o f  the pressure 

Because o f  l i m i t a t i o n s  on the model s i x  and a d e s i r e  t o  produce a 

To an- 

I n  view sf  

6.5 cm (m 2.5 i n . ) ) .  I n  a d d i t i o n ,  un- 
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back pressure effects o r  a shock wave system generated by the support- 
i n g  s t ru t .  
separat.ed flow region immediately downstream of the step,  the flow 
structure downstream of the reattachment was of secondary interest  i n  
t h i s work. 

Since the main object of this  investigation was to study 

Concerning the influence of longi tudina l  pressure gradients, i t  
may bc argued tha t  these gradients shou ld  affect different step geo- 
metries i n  essentially the similar way, a t  least  over a relatively 
short d’-tance just  behind the step. 
A x  < 6.5 cm (- 2.5 i n .  ) )  appear t o  be we1 1 suited for interpretation 
based upon comparison of various configurations under similar t e s t  
conditions . 

Hence, the data collected ( a t  

Viscous Interactions 

i n  these experiments may possibly result i n  boundary-layer-induced 
interactions which could affect  the inviscid pressure distribution 

Combinatici of supersonic Mach numbers and low Reynolds numbers 

along the model surface. The interaction parameter = 

(where C i s  t h :  factor of proportionality i n  the linear viscosity-temp- 
erature relation u = CT) has been estimated for se.,ral t e s t  conditions 
a t  the step location and has been found t o  vary between 0.2 and 0.75 
indicating that only a weak interaction uli: Using the data 
presented i n  Ref. 16, the interaction induced pressure, P/P,, can be 
estimated as varying between 1.05 and 1.25. For several t e s t  cases, 
freestream s ta t ic  presswe d i s t r ibu t ions  have been calculated from 
frozen-flow expansions t a k i n g  into account the actual p i  t o t  pressure 
gradient i n  the tes t  stream. These distributions have been found t o  
be I n  tGasonably close agreement w i t h  experimental s t a t i c  wall pressures 
except for the highest pressure case, i n  which case some disagreement 
occurred toward the downstream end o f  the plate. I t  has been, there- 
fore, concluded t h a t  viscous interaction d i d  not play any important 
role i n  the heat-transfer and pressure distributions discussed i n  this 
report 

-wesent. 

8 



RESULTS AND DISCUSSION 

-. A. E;@-Suction Case (Model I) 
Typica l  heat ing-rate d i s t r i b u t i o n s  along the center1 i n e  o f  the  

p l a t e  behind the  steps o f  d i f f e r e n t  he igh t  a re  presented i n  Figs.  7a- 
7e. The h = 0 data correspond t o  a f l a t - p l a t e  geometry. The data 

shown i n  each c f  these f i g u r e s  were obtained a t  s i m i l a r ,  b u t  n o t  nec- 
e s s a r i l y  ideRt ica1 , freestreani  condi t ions.  Typica l  s c a t t e r  and stan- 

dard d e v i a t i o n  are ind ica ted  i n  F ig .  8. 
r e f e r  t o  data which might be in f luenced by poss ib le  s ide  ef fects  o r  

the  ef fects o f  d isturbances i n  t h e  external  f low.  

s i g n i f i c a n t l y  lower than the  attached-f low values obtained w i t h  the  
f l a t - p l a t e  and they gradua l ly  recover t o  somewhat l e s s  than the a t -  
tached-f low values near the  approximate reattachment reg ion.  

0.51 cm (0.2 i n . )  and 0.16 cm (0.063 i n . )  steps, t h e  heat ing r a t e s  
downstream o f  the  reattachment reg ion  a r e  approximately equal t o  the  

at tached-f low readings. f igures  9a-9c show the e f f e c t  o f  pressure 
v a r i a t i o n  on the heat - t rans fer  d i s t r i b u t i o n  f o r  each o f  the  conf igura-  

t i o n s  and f o r  var ious enthalpy l e v e l s .  We may note t h a t  f o r  t h e  l a r g e  
step ( h  = 1.02 cm) the low heat ing r a t e  j u s t  behind the step remains 

e s s e n t i a l l y  unaf fected by the  s tagnat ion pressure change by a f a c t o r  
as l a r g e  as e i g h t .  Th is  i n s e n s i t i v i t y  t o  pressure v a r i a t i o n  gradua l ly  
disappeared when the  step he igh t  was decreased. 
heat ing r a t e s  were determined (F igs.  10a-10c) which correspond t o  a 
Siven pressure l e v e l  and d i f f e r e n t  stagnat ion enthalp ies.  The heat ing 

r a t e s  vary roughly  i n  p r o p o r t i o n  t o  the  s tagnat ion temperature which, 
besides t h e  s tep  height ,  p lays  t h e  dominant r o l e  i n  e s t a b l i s h i n g  heat-  
i n g  ra tes .  
preceding t h e  step (Re,,L) can be seen i n  Figs. l l a  and l l b  showing a 
few representa t ive  curves f o r  the  steps h = 1.02 and 0.51 cm. 

Typica l  wa l l  pressure d i s t r i b u t i o n s  behind the steps o f  d i f f e r e n t  

he ight  ( h  = 0, 0.2, 0.51, 0.71 and 1.02 cm) are  d isp layed i n  Figs.  12a 
and 12b. Figures 13a and 13b show d i s t r i b u t i o n s  o f  the w a l l  pressure 

Dashed l i n e s  i n  F igs.  7a-7e 

For the  1.02 cm (0.4 i n . )  step, the heat ing r a t e s  a r e  i n i t i a l l y  

For the  

By c r o s s p l o t t i n g  , 

E f f e c t s  o f  Reynolds number based on the length  o f  the p l a t e  
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normalized by the value o f  the reference pressure measured upstream of 

the step (Pref). The pressure a t  the s tep l o c a t i o n  ( A X  = 0) was meas- 

ured on the v e r t i c a l  surface o f  the step. Because of t he  model design 
l i m i  t,a:icns, t h i s  pressure was n o t  measured f o r  the small step height  

( - 0.2 cm). Examination of t he  pressure d i s t r i b u t i o n s  shows a small 

reg ion o f  low pressure along the surface imned ia te ly  dckl\stream of the 
step. 

and freestream Reynolds number, Rem. 
pressure plateau, the pressure increased and, a t  d istances of several 

step heights ,  t he  pressure recovered t o  approximately the  at tached-f low 
values f o r  the f l a t  p l a t e .  Since the low-pressure reg ion  a t  the step 
base i s ,  most l i k e l y ,  associated w i t h  a r e c i r c u l a t i n g  f l o w ,  we may i n f e r  
t h a t  f o r  the cond i t ions  o f  laminar f l ow  and t h i c k  incoming boundary 
l a y e r s ,  t he  extension o f  the r e c i r c u l a t i n g  area i s  very  small, being 
l ess  than one step height  i n  most o f  these experiments. 

separated f l ow  area behind the  s tep can be explained q u a l i t a t i v e l y  by 

r e f e r r i n g  t o  a hypothet ica l  schematic o f  the f l o w f i e l d ,  be l ieved t o  be 
c h a r a c t e r i s t i c  f o r  the case o f  a t h i c k  laminar boundary l a y e r  (boun- 
da ry - l aye r  th ickness, 6, comparable w i t h  the s tep  height ,  h)  as shown 
i n  Fig.  14. 
boundary l a y e r  a l lows the  base pressure t o  communicate upstream of the 
s tep over a s i g n i f i c a n t  distance. 
t ransverse pressure gradients  upstream of the s tep and, consequently, a 
s i g n i f i c a n t  p o r t i o n  o f  t he  pressure drop across t h e  s tep (p,/p,) may 
take place before the step i t s e l f . *  The expanding f low near the  corner 

The leng th  o f  t h i s  reg ion increased w i t h  the step height ,  h, 
Downstream o f  the "constant"  

The changes i n  surface pressure and hea t - t rans fe r  r a t e s  i n  the 

A r e l a t i v e l y  t h i c k  subsonic p o r t i o n  o f  the approaching 

This r e s u l t s  in both streanwise and 

* 
In  a rough approximation, the subsonic l a y e r  may be considered as 

a s i n g l e  "streamtube. I' On expanding t o  l o w  pressures, t h i s  streamtube 
reaches sonic v e l o c i t y  ( w i t h  the average Mach number o f  u n i t y )  a t  a 
" thruat,"  wh i l e  the th ickness and shape o f  the streamtube vary i n  com- 
p a t a b i l i t y  w i t h  the pressure v a r i a t i o n  i n  the o u t e r  supersonic flow. 
on l y  p h y s i c a l l y  cons is ten t  s o l u t i o n  which s a t i s f i e s  c o n t i n u i t y  of f l o w  
angle and pressure i s  t o  have the " t h r o a t "  r i g h t  a t  t he  corner. Thus, 
f o r  s u f f i c i e n t l y  s t rong expansions ( i  ,e,, f o r  s u f f i c i e n t l y  low base 
pressures) most o f  the subsonic f l o w  i s  expanded t o  nearsonic o r  super- 
sonic cond i t ions  a t  the corner.  

The 
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turns sharply and i s  likely t o  undergo an overexpansion* followed by a 
recompression to the nearly constant base pressure. In the region of 
recompression, the f low separates from the vertical surface of the step 
and fr.,ins a recirculating region, The recirculating flow i s  entrained 
by the shear layer which eventually reattaches downstream of the step. 
The overexpansion and recompression as well as a l i g n i n g  the flow para l -  
lel  t o  the d i v i d i n g  streamline may be the cause of the compression 
waves which coalesce t o  form a l i p  shock. F o r  the low Reynolds numbers 
i n  these experiments, the l i p  shock i s  expected t o  be very weak, perhaps 
i t  may even vanish almcst completely for t h e  very thick approaching 
boundary 1 ayers . 

sion around the step corner leading t o  a rather sharp drop i n  the base 
pressure and hence a lower density a t  the step base and b )  an increased 
thickness of the recirculating region which causes a reduction o f  temp- 
erature gradients near the wall. 
for  a significant drop  i n  heating rates behind the step when i t s  height 
i s  increased. In a d d i t i o n ,  a t  a higher step, the shear layer i s  subject 
t o  mixing w i t h  relatively cool recirculating air over a longer period 
and length which leads t o  a "cooling" and some a d d i t i o n a l  lateral expan- 
sion of the shear layer, and, as a consequence, the temperature gradients 
and levels near the wall i n  the recompression zone are reduced and so 
are the heating rates. 
recirculating region i n  these tes t s ,  heating rates (and pressures) 
started t o  recover from low base values almost immediately downstream 
of the step. The maximum heating rate i s  expected t o  occur i n  the neiQh- 
borhood of the maximum convergence (neck) of  the reattaching shear layer, 
where both the temperature gradient and mass flux are likely t o  a t t a i n  
their maximum values. Thus, according t o  this  suggestion, the maximum 
heat transfer may occur far downstream of the stagnation p o i n t  ( i  .e. , 
the p o i n t  where the d i v i d i n g  streamline meets the surface o f  the plate) 

An increase of  the step height results i n  a )  an increased expan- 

Both  these effects are responsible 

I n  consistency with the presence o f  a very small 

* In the imediate v i c i n i t y  o f  the corner, very large, theoretically 
inf ini te ,  pressure sradients are possible and th i s  may play some role i n  
the overexpansion below the step corner. 
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and t h i s  i s  i n  sane variance w i t h  the comnior!ly accepted model fo r  heat-  

t rans fe r  d i s t r i b u t i o n  i n  separated f lows.  

again:-, the  parameters Re,,h and h/6. 
a re  referenced t o  heat ing ra tes  a t  t h e  s tep l o c a t i o n  obtained from f l a t -  
p l a t e  measurements, qstep, (F igs.  15 and 16) o r  t o  l o c a l  f l a t - p l a t e  
values. {f (F ig .  17) .  A t  a g iven Mach number, the  parameter Re 

P a,h 
combines the e f f e c t s  o f  the freestream Reynolds number Rem and the  s tep 

height ,  h. For a given niodel geometry (L /h)  and a laminar boundary 
l a y e r .  t he  parameter Re va r ies  a s  (h/S)2. Th is  emphasizes the  poten- 

t i a l  e f fec t i veness  o f  Re as a sca l i ng  parameter because the  s tep 
he igh t  and the  boundary l aye r  th ickness are  the  l eng th  scales which 

c o n t r o l  the  f l o w f i e l d  i n  the  separated reg ion .  
c lude data obtained by Ron1 and Seginer’, Smith5, and several p o i n t s  

evaluated on the bas is  o f  measurements repor ted  ‘y, Holloway, S t e r r e t t ,  
and Creekmore.” 

Smith and those o f  H o l l w a y  e t  a1 . prov ides a continuous v a r i a t i o n  o f  

peak heat ing r a t e s  over the  range 10’ < Re 
Rom and Szginer depart very s t rong ly  from o the r  repor ted  r e s u l t s .  I t  

should be pointed ou t  t h a t  Rom’s measurements were made i n  a shock tube 
using very small models. A l i n e  t raced through the  experimental p o i n t s  

values a t  supers , i i c  speeds represents ‘laveragel‘ cjmax/{step 
( M  i - 6 ) .  According t o  t h i s  l i n e ,  a f l a t  minimum may occur somewhere 
around Rem,,% l o 4 .  
freestream Mach number Mm; however, we do n o t  expect any s t rong e f fec t  

o f  M 8 i n  the range Re,,h 
heat ing- ra te  v a r i a t i o n  shown i n  F ig .  15 can be g iven i n  terms o f  the  

combined e f fec ts  o f  ReDo and h as f o l l o k s :  
1 )  I n  the  range o f  l ~ w  Re covered by our  experiments (Rem,, i 

2 X l o 3 )  and f o r  a g iven geometry (L,h), an increase o f  the  u n i t  Reynolds 
number i s  equ iva len t  t o  a reduc t ion  o f  the boundary-layer th ickness 6, 

which, i n  tu rn ,  r e s u l t s  i n  an extension o f  the r e c i r c u l a t i n g  reg ion  and 
moving the  l o c a t i o n  o f  the peak heat t r a n s f e r  imax fur the r  downstream. 

Consequently, the  r a t i o  {max/{step reduces somewhat when Rem increases 

(no te  t h a t  {max vzilues were near o r  l ess  than f l a t - p l a t e  heat ing r a t e s  

Figures 15-17 present the c o r r e l a t i o n s  o f  the  peak heat ing r a t e s  
The peak heat ing  ra tes ,  qm,, 

m,h 
s.7 , h 

Figures 15 and 17 i n -  

The combination of our r e s u l t s  w i t h  the  r e s u l t s  o f  

< l o 5 .  The r e s u l t s  of 
m,h 

/: o r  %ax f p  

The magnitude o f  t h i s  minimum maj depend on the  

l o 3 .  A phys ica l  explanat ion o f  the peak 

rD 
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and the  l a t t e r  decreased i n  the downstream d i r e c t i o n ) .  The e f f e c t  o f  
t h e  step he igh t  i n  the  low Rem-range, discussed prev ious ly ,  can be 
b r i e f l y  summarized as fo l lows:  The l a r g e r  h i s ,  the  lower t h e  base 
heatin; w i l l  be, the  f u r t h e r  downstream the heat - t rans fer  reducing 
i n f l uence  o f  h extends, and consequently ;Imax occurs f u r t h e r  downstream 

r e s u l t i n g  i n  lower values o f  4max/{step. Hence, both Rem and h, when 
being increased, a f f e c t  {max/4step i n  the  same d i r e c t i o n ,  and, as the  
parameter 
g radua l l y  decreases from the i n i t i a l  va lue o f  u n i t y .  

t h e  e f f e c t s  o f  Re and h tend f i r s t  t o  s t a b i l i z e  and then become reversed 
For t h i s  we o f f e r  an explanat ion as fo l lows:  
th ickness becomes several t imes smal ler  than the  s tep  he igh t  (due t o  
inc reas ing  ReoD a t  a g iven h ) ,  then the  upstream penet ra t ion  o f  base 
pressure w i l l  be reduced, the  r e c i r c u l a t i n g  reg ion  w i l l  expand, and the  
reg ions of expansions and recompressions become r e l a t i v e l y  cont rac ted  
streamwise and x p a r a t e d  by a f r e e  lear l a y e r  o f  nea r l y  constant  pres- 
sure (F ig .  18). 

s t rength  may appear, a near ly-constant  pressure zone develops immediately 
behind the  s tep  (associated w i t h  an increased r e c i r c u l a t i n g  reg ion;  

c f .  F ig .  12b), and the  recompression zone m v e s  downstream. Because 
t h e  recompression reg ion  becomes more conf ined streamwise and i t s  t h i c k -  

ness r e l a t i v e  t o  the  s tep he igh t  decreases, the  heat ing  r a t e s  must i n -  
crease above the  f l a t - p l a t e  values i f  the  boundary l a y e r  continues t o  
decrzase i n  th ickness.  This  o f  course w i l l  be fo l lowed by an increase 

. I4 values. As f o r  t he  e f f e c t  o f  the  s tep heicjht i t s e l f ,  i t  in qmax step 
has been shown i n  our experimects ( c f .  F ig .  19) t h a t  above Re 
the  base pressure tends t o  s t a b i l i z e  and becomes r a t h e r  i n s e n s i t i v e  t o  
the  s tep he igh t  ( i n  a pure;y laminar  f l ow) .  Th is  should be fol lowed 
by a somewhat s i m i l a r  behavior o f  heat ing  ra tes .  A t  s u f f i c i e n t l y  l a r g e  
Reynolds number, we may expect an onset o f  t r a n s i t i o n  e f f e c t s  i n  the 

separated area, and t h i s  w i l l  b r i n g  about some new and poss ib y d r a s t i c  

increases from very  small values, t he  r a t i o  tmax/;Istep 

2) As t h e  Reynolds number and/or s tep he igh t  increase (Re,,,’ - l o 3 )  
m 

When the  boundary-layer 

Along w i t h  these changes, a l i p  shock of moderate 

= l o 3 ,  
m,h 

changes i n  the  v a r i a t i o n  o f  tmax/{step. 
The base pressure r a t i o s ,  P,/P,, determined i n  our exper 

- 
p l o t t e d  aga ins t  parameters Re,,Ls ReoD,h, and h/& i n  F igs.  19, 

ments a re  
20, and 21, 
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respec t i ve l y .  
taken from the  experimental pressure d i s t r i b u t i o n s  along t h e  f l a t - p l a t e  
conf igura t ion . *  The v a r i a t i o n  o f  Pb/Pm d isp lays  an i n i t i a l  decrease w i t h  a 
tendency toward l e v e l i n g - o f f  i n  the upper ranges o f  RemyL, Rem,,, and h/s 
testea.  The p l o t  o f  Pb/P m aga ins t  h/6 demonstrates c l e a r l y  t h a t ,  f o r  

laminar separated f lows,  h and 6 a re  t h e  l eng th  scales which c o n t r o l  the  
base pressure. F igure 21 inc ludes t h e o r e t i c a l  p red ic t i ons  r e c e n t l y  publ ished 

by Inger  (Ref. 18). H i s  p red ic t i ons  on the  i n i t i a l  slope o f  t he  base 
pressure v a r i a t i o n  w i t h  h/6 ( i . e . ,  f o r  h/6 1) agree we l l  w i t h  our  r e s u l t s  
(note t h a t  our  da ta  i n  the range h/s c 1 correspond t o  Re < l o 3 ) .  Our 
r e s u l t s  seem t o  i n d i c a t e  t h a t  t he  conclus ion o f  Chapman e t  a1.l '  and Denison 
and BaumZ0 t h a t  the  base pressure i s  independent o f  Re f o r  laminar f l o w  
may be e s s e n t i a l l y  c o r r e c t  a t  Re > l o 4 ,  even i n  the case o f  t h i c k  boundary 
layers.** The base pressure pred ic ted  by t h e  laminar theory o f  Chapman2' i s  
shown i n  F ig .  20. Measurements performed by Smith showed t h a t  a t  t h e  lowest 
Reynolds number i n  h i s  t e s t s  (Rem 3 2 X 105 - 4 X l O 5 ) ,  i . e . ,  when the  

separated f l o w  was laminar  througnout, the  base pressure appeared t o  be 
approaching a constant pressure plateau, and t h i s  behavior was e s p e c i a l l y  
pronounced i n  the  case of a l a r g e  step (1.9 cm) and M = 5. 
if extended t o  lower Reynolds numbers, may be i n  good general agreement w i t h  
our r e s u l t s .  I t  may be po in ted  out  t h a t  several i nves t i ga to rs  who s tud ied  
laminar  near wakes behind slender wedges and cones 22-24 repor ted  the  same 
t rend  i n  the  base pressure v a r i a t i o n  as t h e  one observed i n  our  experiments. 
A t  t he  same time, conclusions of K a v a n a ~ ~ ~  and Weiss26 who pred ic ted  an 
increase o f  Pb/Poo u n t i l  Rem,L 

The values o f  Pa, correspond t o  t h e  s tep l o c a t i o n  and were 

-,L 

m 

m,L 

5 

,L 

These f i nd ings ,  

l o 4 ,  a re  a t  var iance w i t h  our  r e s u l t s .  

*Because of some uncer ta in t y  invo lved i n  measurements o f  Pb a t  small 
s tep he igh t  ( h  5 0.51 cm), we do no t  i nc lude  the  data f o r  h I 0.51 cm. 
It should be mentioned, however, t h a t  the  data f o r  small steps fo l lowed t h e  
same t rends as shown i n  Figs. 19 t h r u  21. 

**Chapman's model assumes a zero i n i t i a l  boundary-layer thickness, 
whereas Denison and Baum's model assume; a f i n i t e ,  bu t  r e l a t i v e l y  small ,  
boundary-1 ayer th ickness.  
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B. Suction Case (Model 11) 

Figures 22a-22d and 23a-23d show heat-transfer df  s t r  
stream of  1.02 cm and 0.6 cm (0.4 i n .  and 0.235 i n . )  step 
resp,t i ' iely.  The data obtained a t  the downstream end of 
ment p l a t e  were discarded as they were strongly influence 

butions down- 
he ights ,  
t h e  reattach- 

by a shock 
wave system produced by the supporting s t ru t .  
'suction' and ' no  suction' cases are compared w i t h  'reference' heat- 
transfer distribution of a f lat-plate configuration under similar free- 
stream conditions. The ' n o  suction' measurements were made w i t h  the 
suction duct blanked o f f  a t  the model outlet-port, thus leaving a large 
internal cavi ty  connected t o  the suction slot. The nondimensional mass- 
suction r a t e  ( w )  i s  defined as t h e  r a t i o  of the mass flow rate t h r o u g h  
the s lot  (is) t o  a mass flow rate based on freestream conditions and 
the step a r f a c e  ( p  w m  U b h ) .  An inspection of the stagnation conditions 
i n  the tes t s  being compared shows t h a t  the stagnation pressure in the 
suction tes ts  was a l i t t l e  lower (usually about 7 - 8%) t h a n  the stag- 
nation pressure i n  the corresponding no-suction tes t s .  Consequently, 
the suction heating rates should be somewhat increased whenever 2 quan- 

t i t a t i ve  comparison i s  made w i t h  the no-suction heating rates.  A 
necessary correction may be roughly estimated by u s i n g  d a t a  collected 
a t  different pressures b u t  nea:.ly constant temperature (such corrections 
have been applied i n  the pre!entation of da ta  displayed i n  F i g .  27) .  
Figures 22 and 23 indicate t h a t ,  i n  general, mass suction from the sepa- 
rated area increases the local heating rates. The relative increase 
depends on ( a )  freestream conditions of the main flow, ( b )  rate o f  mass 
suction, (c )  step height, and ( d )  location behind the step. 
t ive increase i s  most significant over a distance of a few step heights 
downstream o f  the step. The maximum hea t ing  rate occurred a t  distances 
of 4 t o  6 step heights behind the 1.02-cm step and 7 tci 9 step heights 
behind the 0.6-cm step. In terms of the maximum heating rate ,  even 
large suction rates,  applied i n  th is  investigation, d i d  not prodwe any 
spectacular peaks and the effect o f  mass suction seemed t o  be weaker 
t h a n  might be expected. Nevertheless, a t  sufficiently large values of 
w ,  local heating rates due  t o  mass suction approached or exceeded the 
corresponding values o f  the f l a t  plate configuration. Figures 24a-24c 

The resillts obtained for 

The rela- 
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present a d i r e c t  comparison o f  post-step heat - t rans fer  d i s t r i b u t i o n  f o r  
the  cases o f  1.02-cm and 0.6-cm steps and f o r  approximately the  same 
freestream cond i t ions  and mass suc t ion  r a t e s  (is). It appears t h a t  the 

suct i r .s I  case i s  governed p r i m a r i l y  by two parameters, h and is. TI:: 

heat ing r a t e s  decrease w i t h  increas ing h, b u t  increase w i t h  inc reas ing  

is. Of these two competing e f f e c t s ,  the former c l e a r l y  /Iredominates 
f o r  the  f l o w  c o n f i g u r a t i o n  and freestream Reynolds number range studied. 

No-suct ion heat - t rans fer  d i s t r i b u t i o n s  obtained on the s lo t ted-s tep  
model (Model 1 1 )  d i f f e r e d  somewhat from those obtained on the s o l i d - s t e p  

mgdel (Model I ) ,  the  main d i f f e r e n c e  being a slower recovery o f  heat ing 
r a t e s  downstream of the base and, correspovdingly,  sl i g h t l y  lower peak 
values i n  the  s lo t ted-s tep  case. 

ascr ibed t o  d i f f e r e n t  lengths preceding steps i n  Models I and 11. The 
main o r i g i n  of the observed d i f fe rence seems t o  be associated w i t h  d i f -  
fe ren t  entrainment condi t ions a t  separat ion ( c f .  F igs.  14  and 26b). 
This inference can be rehched on examination o f  pressure d i s t r i b u t i o n s  
downstream of the  s l o t t e d  step (measured w i t h  and w i thout  mass suct ion,  

Figs.  25a-25c*) and comparing them w i t h  s o l i d - s t e p  pressure d i s t r i b u t i o n s .  

A t  lov~ stagnat ion pressures, no-suct ion data co inc ided p r a c t i c a l l y  w i t h  

the  suc t ion  data. 
sure d i s t r i b u t i o n s  departed from the suc t ion  case, e x h i b i t i n g  a r e l a t i v e l y  

small pressure drop around the  step, fo l lowed by a slow and gradual pres- 
sure increase behind the  step base. 

be explained i n  terms o f  hypothe t ica l  f l o w f i e l d  models as sketched i n  
F ig .  26. When the mass suc t ion  i s  app l ied  (Fig. 26a), t h e  f l o w  down- 
stream o f  the  step base i s  formed by a boundary l a y e r  which develops 
along the surface w h i l e  remaining under a s t rong i n f l u e n c e  of the  recom- 
press ion occur r ing  i n  the adjacent ou ter  f low.  I n  essence, pressure and 
heat - t rans fer  d i s t r i b u t i o n  i n  the suc t ion  case a r e  s i m i l a r  t o  those 

Only p a r t  o f  the  d i f f e r e n c e  can be 

As the  pressure l e v e l  increased, t h e  no-suct ion pres- 

The trends observed i n  neat - t rans fer  and pressure d i s t r i b u t i o n s  can 

* 
Pressure d i s t r i b u t i o n s  w i t h  mass s u c t i o n  a p p l i e d  were measured on 

one s tep c o n f i g u r a t i o n  (h = 1.02 cm) o n l y  because a f a i l u r e  o f  the vacuum 
pump prevcnted f u r t h e r  cont i l luat ion of suc t ion  t e s t s .  In add i t ion ,  the  
readings recorded by two pressure taps n t a r  t h e  s tep l o c a t i o n  had t o  be 
discarded because o f  leaks which developed i n  the corresponding pressure 
1 ines.  
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observed i n  the "0-suct ion s o l i d - s t e p  case (Model I; ,  the main d i f f e r -  

enca being a somewhat smal ler  streamwise extension o f  the recompression 
zone in the suc t ion  case. I n  the  case o f  no-suct ion open s l o t  step, a 
systei:; o f  v o r t i c e s  may develop as sketched i n  F ig .  26b. The pressure 

a t  the step base, a n i  correspondingly, the  amount o f  expansion i n  the 
f l o w  over the  step, may be s t r o n g l y  a f f e c t e d  by s. r e l a t i v e l y  extended 
v iscous- f low reginn beneath the step and shear l a y e r  and by the a m u n t  
of pressure d i f f e r e n t i a l  which can be maintained across t h i s  reg ion.  
Since no l a r g e  pressure d i f f e r e n c e  can be sustained by a Jow-energy 
f low,  hence a t  stream pressures h igher  than a c s t a i r  value, the "base- 
pressure'' departs s t r o n g l y  from t h e  va lue cor inding t o  a s o l i d - s t e p  

conf igura t ion  and remains o n l y  somewhat lowt. 
pressure. 
the viscous dominated reg ion  i s  very l i m i t e d  and t h e  bas. pressure 
seems t o  be governed p r i m a r i l y  by the proper t ies  o f  the ou ter  i n v i s c i d  
f i o w  (and the  geametry o f  the  step:, even a t  low Reynolds numbers char- 
a c t e r i s t i c  o f  these experiments. 

From the  viewpoint  o f  p o t e n t i a l  p r a c t i c a l  a p p l i c a t i o n s  o f  step con- 
f i g u r a t i o n s  i n v o l v i n g  mass suct ion,  t h e  most important p roper ty  may be 

the  maximum post -s tep heat ing r a t e .  
mum heat ing r a t e  recorded w i t h  suc t ion  appl ied,  tmaXs. and normalized 

by t h e  maximum heat ing r a t e  w i thout  suctior,, ;Imax,,, (us ibg the same 
conf igura t ion ,  i .e., s l o t t e d - s t t p  model) var ies  w i t h  the  r a t i o  of mass- 
suc t ion  r a t e ,  is, t o  the boundary-layer MSS f l o w  r a t e ,  hBL. The ~ E + - ' Y  

was ca lcu la ted  from iBBL * \: pudy f o r  

we mentioned prev ious ly ,  the  s tagnat ion cond i t ions  i n  the  t e s t s  t - i n g  

compared u s u a l l y  d i f f e r e d  somewhat and cor rec t ions  had t o  be app l ied  t o  

values o f  { ~ x ~ / { ~ ~ ~ ~ .  This invo lved some degree o f  u n c e r t a i n t y  and, 

consequently, most o f  the expbl ;mental p o i n t s  are i n d i c a t e d  i n  the form 

o f  bars which span from the minimum to t h e  maximum o f  expected values. 
The most complete arid, perhaps, most r e l i a b l e  data were c o l l e c t e d  i n  
runs 4 and 7 k i t h  the steps o f  0.6 atid 1.02 cm, r e s p e c t i v e l y .  These 

r e s u l t s ,  d isp layed i n  F ig .  27 as shaded areas, i n d i c a t e  t h a t  as the 
mass removal increases and approaches i,,, the r a t i o  { ~ x s / ~ m x n s  tends 

t o  l e v e l  o f f .  Such a behavior should be expected on the grounds of 

the freesh.eam s t a t i c  

I n  cont ras t ,  i n  the no-suct ion s o l i , - ~ ~ e p  case (c f .  F ig .  1 4 ) ,  

Figure 27 i1lu:trates how the  inaxi- 

number o f  t e s t  condi t ions.  As 
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temperature d i s t r i b u t i o n  across the boundary layer .  A subsequent small 
reduc t ion  i n  qmaxs/qmxns, which Lan be seen !'n the r e s u l t s  o f  runs 4 
and 7, may o r  may not be f o r t u i t o u s  and we see no simple explanat ion o f  
such a v a r i a t i o n .  In Fig .  28 we p l o t t e d  t h e  r a : i o  4ma*,is/4step against  

the nondimensional mass-suction r a t e  w f o r  t he  case of h/6 - 0.5. For 
t h i s  p a r t i c u l a r  case o f  h/s, t h e o r e t i c a l  predict. iuns ha\.e been recen t l y  
publ ished i n  P o f .  27. 
t he  experimental r e s u l t s  i s  ev ident ,  9 a r t i c d l a r l y  i f  m e  notes t h a t  

t h e o r e t i c a l  p l o t s  corresponding t o  Tw/To values i!> our experiments 
(0.06 - 0.08) 
sents an attempt t o  c o r r e l a t e  a i ;  suc t i on  data by using the  parameter 
M(h/L)Re=,, as the  sca l i ng  f a c t o r .  

meter i n c l u d i n g  the  case o f  no suct ior i  [i .e., w(h/L;Rem,i, = 03, t he  
r a t i o  4maxs/4maxns i s  c lose  t o  u n i t y .  

Cbout 5, t he  h e a t i n s - r a t e  ampli tude (imaxs/imax,.-) s t a r t s  t o  increase. 

We may no te  t h a t  the parameter w'h/L:Re 
suction-mass f l o w  r a t e  and i t  increases r a p i d l y  w i t h  the  s tep he igh t  
[w(h/L)Re=,,- h 2 ] .  thus p o i n t i n g  t o  t h e  f a c t  t h a t  t h e  s top  he igh t  p lays 
a dominant r o l e  i n  est.ahl ishing heat ing r a t e s  a t  the  s tep base. 

A very s t rong departl ire o f  these p red ic t i ons  from 

i l d  l i e  above thcse dep ic ted  i n  F iq .  28. F igure 29 pre-  

A t  very  small v ~ l u e s  o f  t h i s  psra- 

As t he  parameter increa:?s above 

.. > 

i s  roughly  p ropor t iona l  t o  
-,h 

CONCLUSIONS 

An experimental study was conducted t o  determine hEat - t rans fer  and 
prezsure d i s t r i b u t i o n s  i n  laminar supersonic f lows downstream o f  rea r -  
ward-facing steps w i t h  and w i thou t  mass suc t ion  from the  separated 
reg ion.  Flow and t e s t  cond i t ions  va r ied  i n  the ranges as fo l lows:  
M m r  4 ,  40 < Re,,, < 2200, 0.1 < h/5 
0.1 c w < 0.8. The more impor tant  r e s u l t s  o f  t h i s  study are  presented 

bel  ow. 
1 )  For both suc t ion  and no-suct ion cases, an increase i n  the  s te+  

he igh t  caused a sharp drop i n  the  i n i t i a l  heat ing  r a t e s  ( a t  t he  step base) 
which then g radua l l y  recovered t o  l e s s  o r  near t h e  at tached- f low values. 
The he igh t  f the  st2p c o n t r o l l e d  t h e  heat ing r a t e s  a t  t h e  s tep  Lase, 

c l e a r l y  dominating e f f e c t s  o f  s tagnat ion temperature and pressure. 

2 . 4 ,  0.05; < Tw/To 0.11, an3 



2 )  I n  the l?em-range studied, t he  r a t i o  o f  t he  maximum heat - t rans fer  

) was iess  than u n i t y  and decreased s lowly  w i t h  h/e o r  Re,,,. 

i n  the recompression zone t o  the at tached-f low value a t  the step 

({maxlts tep 
It i s  L n t i c i r a t e d  t h a t  i n  the no-suct ion case, 

minimum somewhere around Re- - lo4. 
heat t r a n s f e r  referenced t o  the  loca l  at tached-f low value ({mx/{fp) 

was very s i m i l a r  t o  the v a r i a t i o n  o f  {max/4st2p. 

rates,  the r e l a t i v e  increase being mst s i g n i f i c a n t  immediately behind 
the step. 
t r a n s f e r  a t  a l l - l a m i n a r  flows was r e l a t i v e l y  weak and a mass suct ion 

r a t e  exceeding the mass f l o w  r a t e  of  t he  e n t i r e  incoming boundary l a y e r  
was needed t- r a i s e  the post-step heat ing r a t e s  above the f l a t - p l a t e  
values. Mass-suction data expressed i n  terms o f  the r a t i o  {maxs/&xns 

(peak hezt ing r a t e  w i t h  suct ion r a t i o e d  t o  the peak heat ing r a t e  w i thout  
suct ion)  was co r re la ted  by using a parameter w(h/L)Rem,,. 

4)  Pressure d i s t r i b u t i o n  downstream o f  t h o  step was foucd t o  be 
dependent on the entrainment condi t ions a t  separation. 
sol id -s tep case, the base pressure co r re la ted  reasonably we1 1 w i t h  the 
pa rmete rs  Re end h/6, d i sp lay ing  an i n i t i a l  decrease fol lowed by a 

tendency t o  l e v e l - o f f  ir. the upper range o f  Re and h/d tested. ?he 

leng th  o f  a pressure p la teau behind the step was very small  and tended 
t o  increase somewhat w i t h  Re- and h. 
post-step pressure d i s t r i b u t i o n s  resembled genera l l y  those obtained on 

no-suction so l  id-s tep con f igu ra t i on .  

a t t a i n s  a 

The v a r i a t i o n  o f  +he maximum 
0,h 

3 )  Mass suct ion f r o m  the separated area increased the l o c a l  heat ing 

I n  general, however, the e f f e c t  o f  mass suct ion on heat 

I n  the no-suct ion 

-,h 

-,h 

I n  the mass-suction case, t h e  
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